Background: Preexposure prophylaxis (PrEP) with tenofovir and emtricitabine can prevent new HIV-1 infections, but there is a concern that use of PrEP could increase HIV drug resistance resulting in loss of treatment options. We compared standardized outcomes from three independent mathematical models simulating the impact of PrEP on HIV transmission and drug resistance in sub-Saharan African countries.
Introduction
In 2011, an estimated 2.5 million people became infected with HIV-1 [1] . Alongside behavior change, male circumcision and condom use, there is an urgent need for novel HIV prevention strategies. Daily oral preexposure prophylaxis (PrEP) with tenofovir and emtricitabine can prevent 44-75% of new HIV infections [2] [3] [4] . Two studies [5, 6] have found no protective effect of PrEP on prevention of new infections, but this was probably due to limited adherence.
The use of PrEP can result in the emergence and spread of drug resistance [7] if individuals on PrEP are infected with HIV before, or while taking PrEP. Only a single point mutation in the viral genome is required for resistance to tenofovir (K65R), and another single point mutation is required for resistance to emtricitabine (M184V) [7] . Drug resistance can therefore quickly emerge in HIV-infected individuals who use PrEP. Indeed, resistance was shown to develop in most patients who started PrEP in the trials whilst also having an unrecognized acute infection [2] [3] [4] [5] . However, in those individuals who became infected following assignment to PrEP, resistance developed in only a few, perhaps due to suboptimal adherence [2] [3] [4] .
There is a concern that the preventive benefits of PrEP could be offset in the long term by an increase in drug resistance to commonly prescribed antiretroviral drug regimens [8] . The WHO recommends the use of tenofovir in first-line regimens. In addition, any first-line regimen is recommended to include lamivudine or emtricitabine [9] , which have comparable resistance profiles. The concern over resistance is highlighted by the US Food and Drug Administration (FDA) that approved PrEP under the condition that drug resistance is evaluated in viral isolates from individuals who become infected while using PrEP [10] .
Determining the impact of PrEP on the development of drug resistance requires prospective epidemiological studies. These studies would have to be unfeasibly large, expensive and time-consuming. Mathematical modelling has therefore been used to predict whether PrEP can increase drug resistance in infected populations [11] [12] [13] [14] . However, these mathematical models can make diverse predictions. This heterogeneity can be the result of differences in assumptions used in reconstructing HIV transmission and drug resistance, differences in the risk behavior structure, differences in the setting being modelled or simply differences in the way the question is posed and the results articulated.
We compared standardized outcomes from three independent mathematical models that determined the impact of PrEP on HIV transmission and drug resistance in areas in sub-Saharan Africa where antiretroviral therapy (ART) is available. The outcomes of the models were standardized so that differences in results could not be due to differences in the way the results were articulated.
Materials and methods

Study design
We reviewed PubMed for mathematical models that studied the impact of PrEP in the presence of ART on HIV drug resistance in sub-Saharan Africa (Keywords: PrEP, resistance, model). We also reviewed the proceedings of the main HIV conferences for similar models (the conferences considered were the Conference on Retroviruses and Opportunistic Infections, CROI; the meeting of the International AIDS Society, IAS; and the AIDS meeting). Three groups agreed to participate in the model comparison exercise. The models included are the Synthesis Transmission Model [15, 16] , the South African Transmission Model [13] and the Macha Transmission Model [14] (Table 1) [2, 4, 17, 18] . The Synthesis Transmission model reports that PrEP will not increase the number of people living with a drug-resistant virus [15, 16] . The other models used a different metric and found that drug resistance can increase amongst infected individuals after PrEP implementation [13, 14] . [14] . For this model comparison, the model was extended to simulate acquired resistance due to ARTon the basis of previously reported data [17] . Assumptions of the models regarding preexposure prophylaxis The models assume that PrEP becomes available in areas where antiretroviral drugs have already been used for HIV treatment for 8-10 years. All models assume that people receiving PrEP will be tested for HIVat intervals between 3 and 6 months ( Table 1) .
Mathematical models
The models use different assumptions about the uptake of a future PrEP intervention. The Synthesis Transmission Model assumes that eventually 5% of the entire uninfected population will use PrEP. The South African Transmission Model and the Macha Transmission Model assume that 30 and 15% of the uninfected population, respectively, will receive PrEP once it is rolled out.
The models assume that PrEP has a high efficacy in preventing infection with HIV and that the effectiveness of PrEP in daily practice depends on adherence [2] [3] [4] . The Synthesis Transmission Model assumes that PrEP prevents all infections with HIV when a patient is fully adherent. When patients are partially adherent, the model assumes that percentage reduction in effectiveness of PrEP is equivalent to the percentage of PrEP doses taken [2] . The South African Transmission Model also assumes that the effectiveness of PrEP depends on adherence, but used the efficacy of the Partners PrEP study [4] . The South African Transmission Model and the Macha Transmission Model assume an average PrEP effectiveness of 75 [13] and 44% [2] , respectively.
Assumptions of the models regarding drug resistance The outcomes of the models are standardized according to three important events that contribute to drug resistance: acquired resistance due to treatment with antiretroviral drugs, transmission of drug-resistant HIV at the time of infection and acquired drug resistance due to the use of PrEP whilst infected. In the following paragraphs, we discuss the assumptions (summarized in Table 1 ) made in the different models regarding these events.
The Synthesis Transmission Model assumes that drug resistance due to PrEP is characterized by the M184V and/or K65R mutations [15, 16] . The other models do not specifically represent different drug-resistant mutations but assume that resistance due to PrEP results from the M184V mutation, as was previously reported [2] [3] [4] .
Epidemiological studies report wide variations in the risk of acquired drug resistance during treatment [19] [20] [21] . The proportion of people on ART in whom acquired resistance developed by the end of the first year was 7% in the Synthesis Transmission Model, 16% in the South African Transmission Model [22, 23] and 7% in the Macha Transmission Model [17] . All models assume that the risk of acquired resistance gradually decreases after 1 year of ART.
The models all assume that transmission of drug-resistant HIV depends on the plasma HIV RNA viral load. The Synthesis Transmission Model assumes that the risk of transmitting wild-type or drug-resistant HIV is the same for a given plasma HIV RNA viral load. However, because individuals with drug-resistant virus are more likely to be on antiretroviral drugs, they are less likely to transmit because they have a lower plasma HIV RNA viral load [24] . Given that a person with a virus containing the M184V mutation is the source of a new infection, the probability that this mutation is transmitted is 20%; the corresponding figure for K65R is 70% [25, 26] . The South African Transmission Model assumes that drugresistant virus acquired during treatment has a reduced fitness on average [27] and is therefore 25% less transmissible [24] than wild-type virus. Conversely, a virus with transmitted drug resistance is assumed to be equally transmissible as wild-type virus. The Macha Transmission Model assumes that resistance to PrEP involves the M184V mutation, which is associated with a 50% lower plasma HIV RNA level than a wild-type virus [28] and is assumed to be 50% less transmissible [29] .
In addition, all of the models assume residual virological efficacy of antiretrovirals against drug-resistant viruses [30] , resulting in partial effectiveness of PrEP in preventing infection with a resistant virus. In particular, the Synthesis Transmission Model assumes a partial effectiveness of PrEP against a drug-resistant virus (in the presence of K65R or M184V) that is 50% lower than the effectiveness of PrEP against a wild-type virus. PrEP is assumed not effective against a virus containing both the K65R and the M184V mutations. Similarly, the South Africa Transmission Model and the Macha Transmission Model assume that drug resistance reduces the effectiveness by 75 and 50%, respectively [29] .
The assumptions relating to the emergence of drug resistance amongst persons who continue or start using PrEP after becoming infected differ for the three models. Emergence of drug resistance in the Synthesis Transmission Model depends on number of active drugs, viral load and adherence. It is assumed that continued use of PrEP after infection results in the emergence of drug resistance in 25-44% of patients after 3 months with the risk continuing at the same rate thereafter. The South African Transmission Model assumes that drug resistance will emerge in 33% of persons on average after 1 month of inappropriate use of PrEP after becoming infected and with the same risk thereafter. The Macha Transmission Model uses a worst-case scenario, meaning that resistance will always develop after PrEP failure.
The Synthesis Transmission Model and the South African Transmission Model assume that once PrEP is stopped, the virus can revert to a majority variant that is not resistant to antiretroviral drugs while off ART. There is evidence that the M184V mutation, which is the most frequently observed in PrEP failure, can revert within weeks to a wild-type virus that is susceptible to antiretroviral treatment [31] . The Synthesis Transmission Model assumes that M184V reverts to a wild-type virus at a rate of 80% per 3 months. This rate is comparable to the South Africa Transmission Model that assumes that reversion takes places after an average of 1.5 months. The Macha Transmission Model follows a worstcase scenario assuming that reversion will not occur. The other models assume that after reversion, drug resistance remains present in a minority of viruses [32] resulting in an increased likelihood of developing HIV drug resistance after start of ART.
Output metrics
To enable comparison between the models, each model simulated two strategies over 20 years: In the first strategy, ARTwas provided, and in the second strategy, both PrEP and ART were provided. The key outputs of the models for comparison were the prevalence of HIV in the general population, the prevalence of HIV drug resistance in the general population, the proportion of infected individuals with resistant infections and the source of drug-resistant infection.
Results
Impact of antiretroviral therapy and preexposure prophylaxis on the prevalence of HIV All models assume that access to ARTwill increase in the next 20 years and that ART can prevent new HIV infections [33] . Baseline model projections suggest that if PrEP is not implemented, HIV will decrease by a modest amount without PrEP: by almost 2% in the SouthAfrican Transmission Model and by less than 1% in the two other models (Fig. 1 ).
All models find that availability of PrEP will result in greater decreases in HIV prevalence than a situation in which PrEP is not available. The greatest decrease is predicted in the South African Transmission Model (from 18.2% prevalence at implementation of PrEP to 13.8% after 20 years) (Fig. 1b) . Smaller reductions in HIV prevalence are reported by the Synthesis Transmission Model, which reports a decrease from 15.5 to 12.7% (Fig. 1a) , and the Macha Transmission Model, which finds a reduction from 8.0 to 6.8% (Fig. 1c) . Results from previous models have suggested that implementing PrEP in addition to ART can result in a reduction in the prevalence of HIV compared with the use of ART alone [34, 35] . The larger decrease in HIV prevalence reported by the South African transmission model therefore seems to be ascribed to the greater proportion of uninfected individuals (30%) who are assumed to receive PrEP in this model as compared with the other models (PrEP coverage of 5% in the Synthesis Transmission Model and 15% in the Macha Transmission Model) ( Table 1) .
Impact of antiretroviral therapy and preexposure prophylaxis on HIV drug resistance All of the models find that HIV drug resistance in the general population will increase in the next 20 years, and to fairly similar levels regardless of whether PrEP is used or not (Fig. 2) . In the Synthesis Transmission Model, the population prevalence of drug resistance (measured as the proportion of drug resistance in the total population) will increase from less than 1% to approximately 4% in the next 20 years (Fig. 2a) . In the South African Transmission Model, the population prevalence will increase from about 1% to just over 2% (Fig. 2b) , and in the Macha Transmission Model, the population prevalence of resistance will rise from about 1% but will remain at less than 2% (Fig. 2c) . The comparatively large increase observed in the Synthesis Transmission Model might be due to the higher long-term probability of acquiring resistance during treatment assumed in this model, which reaches a prevalence of 29.8% after 20 years (Table 1) . Notably, all models suggest that PrEP will only have a modest impact on the population prevalence of HIV drug resistance with an increase of at most 0.34% (or an additional 34 individuals infected with a drug-resistant virus out of 10 000 individuals) as found in the Macha Transmission Model (Fig. 2c) . Similarly, the South African Transmission Model predicts an increase of 0.18%. The Synthesis Transmission Model predicts that PrEP will result in a 0.29% reduction in the population prevalence of HIV drug resistance, which is ascribed to prevention of new HIV infections due to PrEP.
In addition, the models predict that the prevalence of HIV drug resistance amongst those infected will increase over the next 20 years with and without the use of PrEP (Fig. 2d-f ). The largest increase is observed in the Synthesis Transmission Model, which predicts that, without PrEP, the prevalence of infected patients carrying a drug-resistant virus will increase over the next 20 years from 4 to 29%, when PrEP is not available, or to 32% when PrEP is used (Fig. 2d) . Drug resistance in the South African Transmission Model is predicted to rise from 5 to 14% when PrEP is not available, and from 5 to 17% if PrEP is used (Fig. 2e) . In the Macha Transmission Model, resistance is predicted to increase from 13 to 18% if PrEP is not implemented, but to about 25% if PrEP is used (Fig. 2f) . The relatively large discrepancy between the level of drug resistance in infected individuals with and without PrEP in the Macha Transmission Model is due to the assumption that all individuals who become infected whilst using PrEP will develop drug resistance. Conversely, the other models assumed that acquiring resistance due to PrEP depends on adherence and that not all individuals will acquire a resistant virus (Table 1) . Figure 3 shows the proportional contribution of the three different factors that contribute to HIV drug resistance after 20 years. Of all persons living with a drug-resistant HIV infection after 20 years, the majority (50-63% across models) is due to drug resistance arising from combination ART for treatment of HIV. Transmission of resistance is the cause of drug resistance in 40-50% of individuals across models. The cause of resistance in the remainder of persons living with a drug-resistant infection (less than 4%) can be directly attributed to the acquisition of resistance whilst infected and using PrEP.
Factors contributing to HIV drug resistance
Discussion
We compared three independently developed mathematical models that predicted the impact of PrEP implementation on HIV drug resistance in sub-Saharan Africa. To facilitate the comparison, the models were reanalyzed to report common outcomes. The models represented different generalized HIV epidemic settings and different PrEP intervention strategies. Despite these differences, all models predict that the prevalence of drug resistance will increase in the coming 20 years due to increased acquired and transmitted resistance. But, importantly, PrEP is predicted to have a limited impact on future levels of drug resistance and just a small proportion (less than 4%) of resistant infections are predicted to be directly attributable to PrEP. This result was consistently found in models with high and low PrEP coverage.
The models made different assumptions regarding the acquisition, loss and transmission of drug resistance and the effectiveness of PrEP, which reflects the existing uncertainty about these processes. Nevertheless, the relative consistency between the models is reassuring and shows that PrEP is not likely to have a major impact on future levels of drug resistance.
The models included in this comparison have several limitations. First, the risk of acquired resistance due to antiretroviral treatment in sub-Saharan Africa used in the models was based on available data from the literature [17, [21] [22] [23] . This risk for resistance has generally been collected in settings where laboratory monitoring techniques (estimation of plasma HIV RNA load and genotypic resistance tests) were not routinely available. Previous studies have shown that availability of such laboratory monitoring techniques is associated with a reduction in the incidence of drug resistance [21, 23] . This reduction can be due to a reduced accumulation of drug resistance associated mutations, as virological failure is identified in a timely manner. In addition, patients experiencing virological failure can be advised to improve adherence, which may then reduce the risk of resistance. If laboratory techniques become widely available in the coming years, then the risk of acquired drug resistance is expected to decrease and therefore the proportion of drug resistance due to PrEP could increase. The absolute number of drug-resistant infections that can be ascribed to PrEP would, however, be expected to remain limited, and more frequent monitoring of persons on PrEP for breakthrough infection would be expected to further limit resistance.
Our standardized model comparison used a simple classification of drug resistance. As such, a distinction between particular drug resistance associated mutations or resistance to particular classes of antiretroviral drugs was not considered.
The mathematical models assume that individuals with an undiagnosed acute infection can start using PrEP. However, the models did not assume that resistance will develop faster if PrEP is used during the acute stage compared with if PrEP is used during chronic infection. Randomized clinical trials have found that resistance due to PrEP is predominantly found among patients who start PrEP with an unrecognized acute infection [2] [3] [4] [5] , suggesting that drug resistance mutations when using PrEP are potentiated by high viral replication. The resultant underestimation of the contribution of PrEP to drug resistance in the models compared here is likely to be small, as the acute stage has a brief duration of 10-16 weeks [36] , meaning that few people will start PrEP in this phase of infection.
The purpose of this model comparison is to highlight the potential contribution of PrEP to resistance, given this has been a major issue in the FDA approval of PrEP and in public health arguments concerning PrEP [8, 10, 37] . Therefore, the simulated interventions were simplified to enable comparison between models, and the results should not be taken as our prediction or recommendation for how to scale-up PrEP. The comparison did not standardize and simulate the roll-out of antiretroviral drugs, adherence to antiretroviral treatment, particular antiretroviral drug treatment or the availability of viral load monitoring.
In conclusion, drug resistance will always be a risk with the use of antiretroviral drugs. Drug resistance due to ART and transmission of drug resistance will, however, far exceed drug resistance due to PrEP. Expanding access to antiretroviral drugs will require careful planning so that most infections can be averted at the lowest cost. However, with good monitoring of persons initiating and remaining on PrEP, drug resistance should not be a reason to withhold PrEP.
